We tested the hypothesis that potassium ion (K + ) is involved in the local control of the coronary circulation. The left coronary artery was perfused at constant flow in closed-chest, anesthetized dogs.
THE POTASSIUM ion (K + ) has long been considered a possible controller of coronary vascular resistance (Katz and Lindner, 1938) . The simplest form of such a hypothesis is that, with increased metabolic activity of the heart, there is an increased flux of intracellular K + across the myocardial membrane into the surrounding interstitial fluid. The increase in interstitial fluid K + concentration ([K + ]) then would decrease the vasomotor tone of the coronary arterioles, producing a vasodilation. This mechanism would permit the heart to match an increase in metabolic demand with an increase in nutrient supply. Several types of evidence offer support for this theory. Potassium is a coronary vasodilator over a certain concentration range (Cohen, 1936; Katz and Lindner, 1938; Driscol and Berne, 1958; Scott et al., 1961; Konold et al., 1967; Norton and Detar, 1972; Gellai and Detar, 1974; Bunger et aL, 1976; Murray and Sparks, 1978) , although its vasodilator action may be only transitory (Gellai and Detar, 1974; Bunger et al., 1976) . Potassium efflux from myocardium is enhanced by increases in heart rate (Wilde, 1957; Wood and Conn, 1958; Sybers et al., 1965; Langer and Brady, 1966; Grupp et al., 1967; Gilmore and Gerlings, 1969; Parker et al., 1970) and by limitations of oxygen supply (Cherbakoff et al., 1957; Harris et al., 1958; Cummings, 1960; Jennings et al., 1964; Parker et al., 1970; Case, 1971; Scott and Radawski, 1971 ). Driscol and Berne (1958) failed to find a steady state correlation between myocardial K + loss and coronary blood flow. However, this study neglected the possibility, which is suggested by other work , that K + efflux changes only transiently following alterations in myocardial activity. The goal of this study, then, was to determine whether changes in interstitial fluid [K + ] elicited by changes in myocardial activity (step increases in heart rate) and by changes in oxygen supply (15-second cessations of coronary blood flow) were (1) large enough in magnitude and (2) fast enough in their time course to explain at least part of the coronary vascular responses to these interventions.
Methods

General
Male mongrel dogs ranging in weight from 25 to 39 kg were anesthetized with morphine sulfate (4-7 mgAg subcutaneous injection) and sodium pentobarbital (25 mg/kg or to effect, iv). Smaller doses of sodium pentobarbital were administered throughout the course of the experiment to maintain adequate surgical anesthesia. Positive pressure ventilation was achieved through a cuffed endotracheal tube with a large-animal respirator (Harvard Apparatus). Respiratory pump rate and tidal volume were adjusted so that an arterial PCO2 of 44 ± 2 mm Hg (mean ± SEM) was achieved (n = 16 dogs). Esophageal temperature was maintained with electric heating pads between 38° and 39°C throughout the course of each experiment. A femoral artery was isolated and cannulated for systemic blood pressure measurement (Statham model P23 DC). Following a priming dose of sodium heparin (500-750 U/kg), a solution containing sodium bicarbonate (15 mg/ml) and sodium heparin (50 U/ml) was infused intravenously at a constant rate (60-120 ml/hour) throughout the course of the experiment to counteract acidosis and prevent coagulation.
The left main coronary artery of the closed-chest dogs was pump-perfused with blood at a constant flow rate. A ballon-tipped, stainless steel cannula (compliments of Drs. D.E. Mohrman and E.O. Feigl) was passed down the right common carotid artery into the aorta and guided into the left main coronary artery. Blood obtained from the dog's right femoral artery was passed through an extracorporeal circuit (Silastic tubing) containing a variable speed roller pump (Cole-Parmer model 7598), and constant flow perfusion was thus obtained. The perfusion line included a blind-end side tube of Silastic tubing between the pump and the heart. When partially filled with air, this side tube acted as a windkessel and filtered out the pressure pulses generated by the pump. The dynamics of the windkessel were such (time constant ~ 0.5 second) that it allowed flow to vary with each cardiac cycle and did not interfere with the time course of the observed changes in coronary vascular resistance, myocardial oxygen consumption, or myocardial interstitial fluid K + concentration. The perfusion line also contained an access port between the pump and the heart that permitted the sampling of arterial blood. The coronary cannula had an internal diameter of 3 mm and contained two smaller diameter stainless steel tubes in its lumen, each with a separate exteriorized access port. One of these smaller internal tubes was connected to a Silastic balloon around the distal end of the main cannula. Inflation of the balloon achieved a complete seal of the coronary ostium around the main stem of the perfusion cannula, thus permitting constant flow perfusion of the coronary artery. The distal tip of the other internal tube lay at the opening of the main cannula. The proximal end of this inner catheter was connected to a pressure transducer (Statham model P23 DC) to measure coronary perfusion pressure.
Both jugular veins were isolated. A bipolar pacing electrode and radio-opaque catheter were passed down the jugulars and, with the aid of fluoroscopy, were positioned in the right atrium and coronary sinus, respectively.
Blood from the coronary sinus cannula was drawn at a constant rate (16 ml/min) through an oximeter cuvette (Waters model 0-600). The electrical signal from the oximeter was proportional to the oxygen content of blood, given a constant hemoglobin concentration and ignoring the small amount of oxygen dissolved in the blood. The hemoglobin concentration in the blood was measured spectrophotometrically (Hycel Cyanmethemoglobin Kit) in each experiment and was found to be constant (±10%) during the 1-to 2-hour period of actual experimental manipulations. The electrical output of the oximeter was calibrated for total blood oxygen content by determining the oxygen content of anaerobically sampled blood with an electrochemical oxygen analyzer (Lexington Instruments model Lex-O 2 -Con). Arterial blood was also drawn through the cuvette and analyzed for oxygen content at 30-to 90-minute intervals throughout the experiment. This allowed calculation of arterial-venous oxygen content differences across the left ventricular myocardium and, since coronary blood flow was known, calculation of myocardial oxygen consumption.
Arterial and coronary sinus plasma [K + ] were measured by collecting blood samples at timed intervals (usually 6 seconds) into microhematocrit capillary tubes. These tubes were centrifuged within 5 minutes, and 20 fd of plasma were drawn from each tube into calibrated disposable glass capillary pipettes. These samples were then diluted 1:100 for determination of [K + ] by flame photometry. The standard deviation of duplicate determinations of the same sample was ±0.03 mEq/liter.
The outputs of the pressure transducers and oximeter were recorded on an ink-writing oscillograph (Grass model 7 B). Heart or pace rate was measured and recorded on the oscillograph with a tachograph channel (Grass model 7 P4D) using either the systemic pressure measurement signal or an ECG signal (standard limb lead) as input.
Experimental Protocol
After the initial placement of the coronary cannula, the preparation was allowed to stabilize. During this period, the coronary flow was set by adjusting the pump rate so that coronary perfusion pressure approximately equalled systemic arterial blood pressure (within 10 mm Hg). An acceptable positioning of the coronary cannula and seal of the coronary ostium was achieved when the following criteria were met:
1. Coronary perfusion pressure fell smoothly and rapidly (less than 10 seconds) to 15 mm Hg or less during a 15-second cessation of coronary blood flow.
2. Coronary sinus oxygen content returned to approximately preocclusion levels with the reinstitution of flow following a 15-second cessation of coronary blood flow. A large overshoot of this signal beyond its baseline level was interpreted as indicating an increase in coronary flow due to influx of blood around the cannula tip.
3. Coronary perfusion pressure and coronary sinus oxygen content fell smoothly to new steady state levels and returned smoothly to prestimulation levels in response to step changes in heart rate. 4. Coronary pump flow had to be at least 50 ml/ min, with a perfusion pressure equal to systemic arterial pressure. Any smaller value was interpreted as indicating cannulation of only one major branch of the left coronary artery.
The cannula position was confirmed by postmortem examination, as described later.
When perfusion pressure had reached an acceptable and steady level, the following maneuvers were performed:
Step Increase in Heart Rate
Heart rate was increased in a single step by 75 ± 7 beats/min (range: 50-100 beats/min) above the unpaced rate. The elevated rate was maintained for a period of 2.5-3.0 minutes. This maneuver was performed from one to three times in each of nine dogs.
Fifteen-Second Cessation of Coronary Blood Flow (15-Second Ischemia)
The pump perfusing the left common coronary artery was turned off for 15 seconds. At the end of the 15-second period, flow was restored to the precessation level. Throughout this entire sequence, heart rate either spontaneously remained unchanged or was maintained at a constant level by pacing the heart at a rate slightly above the inherent rate. This maneuver was performed two to three times in each of six dogs.
Timed arterial and coronary sinus plasma [K + ] measurements were made just before and during the periods of decreased coronary vascular resistance that were elicited by either a step increase in heart rate or a 15-second cessation of coronary blood flow. Blood samples were collected at 5-second intervals starting 30 seconds prior to these experimental maneuvers and continuing for 2.5-3.0 minutes. No samples were collected during the 15 seconds of complete ischemia.
The distribution of intravascular transit times was obtained in each preparation by injecting an intravascular dye (indigo carmine) as a bolus into the coronary artery through the coronary perfusion pressure cannula and then monitoring with the oximeter the relative concentration of the dye in the coronary sinus blood. For each preparation from three to five dye curves were obtained. The coronary blood flow rate was always the same as that at which the heart rate steps or cessations of flow were performed.
At the termination of each experiment a solution containing crystal violet stain was injected into the perfusion line. Five to 10 seconds after injection of the stain, the dog was killed by the rapid injection of a saturated potassium chloride solution and the cessation of the coronary perfusion. The chest was opened and the heart exposed. The postions of the coronary cannula, the coronary sinus catheter, and the pacing electrode were confirmed by visual inspection. The heart was then excised and examined. As a further check on the proper placement of the coronary artery cannula and the complete seal of the coronary ostium, the following criteria had to be met for an acceptable experimental preparation:
(1) There could be no staining of the walls of the aorta with crystal violet in the area of the coronary ostium.
(2) Both the circumflex artery and left anterior descending artery vascular beds had to be stained.
(3) The septal artery had to be stained. All nine dogs used for data analysis met these criteria.
Data Analysis and Presentation
Digitization
The curvilinear oscillograph records of coronary perfusion pressure and coronary sinus oxygen content were digitized, using a clear plastic overlaying grid. Values for the two variables were determined at 0.6-second intervals starting at 6.0 seconds prior to and ending 150-180 seconds after the experimental intervention.
Normalization
Each individual digitized response of coronary perfusion pressure and coronary sinus oxygen content and each coronary sinus plasma [K + ] time course was normalized in the following manner prior to any averaging:
Step Increase in Heart Rate. The baseline value of the variable was defined as the average of the values of the variable determined at the points from -6 seconds (-30 seconds for [K + ] only) up to and including time 0 and was set equal to 0. The poststep value that corresponded to the peak change of the variable was set equal to 100. The values of the variable at all points of that particular response were then adjusted to conform to this 0-100 scale.
Fifteen-Second Cessation of Flow. The release point (corresponding to the point at which flow was reinstituted after a 15-second cessation of flow) was defined as time 0. The peak coronary sinus plasma [K + ] following the 15-second ischemia was denned as 0. The steady state level to which coronary sinus plasma [K + ] returned after recovery from the 15second ischemia was defined as 100. This value was obtained by averaging values of [K + ] over a 30second period immediately following the return of this variable to a steady state leveL The values at all the points of that particular response were then adjusted to conform to this 0-100 scale.
The rapid initial rise in coronary perfusion pressure immediately following the reinstitution of flow ( Fig. 5 ) is due to the passive refilling of the coronary vascular bed and will not be considered. After this VOL. 44, No. 6, JUNE 1979 initial rise, the perfusion pressure begins a more gradual return to its baseline value. We defined the start of this gradual return as being the point at which, following reinstitution of flow, perfusion pressure changed less than 5 mm Hg from one digitization point to the next (i.e., less than 5 mm Hg/0.6 sec). This point occurred 1.6 ± 0.2 seconds (n = 16 interventions; range: 0.6-3.0 seconds) after reinstitution of flow. The normalized value of perfusion pressure at this point was set equal to 0. The steady state level to which perfusion pressure returned after the 15-second cessation of flow was set equal to 100. This value was obtained by averaging the digitized values of perfusion pressure for a 10second period immediately following the return of perfusion pressure to a steady level. The values at all the digitized points of that particular response were then adjusted to conform to this 0-100 scale.
The units of this scale (i.e., 0-100) can be thought of as: (1) the percent of the peak change of the value of the variable for heart rate steps and (2) the percent of return of the variables from their peak values to the post-step steady state values during recovery from 15 seconds of ischemia. This normalization of the magnitude of the responses allowed us to compare their time courses.
Grouping
Responses of coronary perfusion pressure, coronary sinus oxygen content, and coronary sinus plasma [K + ] to either step increases in heart rate or 15-second cessations of coronary blood flow were grouped for averaging, adjustment for transit effects (see below), and statistical analysis as follows:
1. For each preparation, the average response of the individually normalized responses (as described above) for each variable in response to an experimental intervention was obtained by averaging, point by point, the corresponding values from each of the individually normalized responses. This produced one data set per intervention per preparation. There was a total of nine data sets of step increases in heart rate (involving 21 individual steps) from nine dogs. There was a total of six data sets of postischemic recovery (involving 16 individual interventions) from six dogs. These data sets were used as the basic units for statistical analysis. The time course parameters (described below) were also obtained from these data sets. And, finally, the perfusion pressure components of the data sets were the functions used in the convolution integral (described below).
2. The overall average responses of coronary perfusion pressure, coronary sinus oxygen content, and coronary sinus plasma [K + ] to either step increases in heart rate or 15-second cessations of flow were obtained by point-by-point averaging of the data sets, so that the responses from individual dogs were weighted equally for graphical display.
Time Course Parameters
We used the parameters tio, tso, and teo to describe the time courses of the responses of our variables to our experimental interventions. These were defined as the times after time 0 at which the average data set response of the variable in question had changed by 10, 50, or 90% of the final peak change for step increases in heart rate, or at which the variable had returned 10, 50, or 90% to its steady state level from its peak change following 15 seconds of ischemia. The values for tio, Uo, and tso were obtained by linear interpolation between adjacent points from the average data set responses of coronary perfusion pressure, coronary sinus oxygen content, coronary sinus plasma [K + ], and the convoluted functions described below.
Comparison of Time Courses
It is inappropriate to draw conclusions concerning the relative time courses of myocardial interstitial fluid [K + ] on the one hand and coronary vascular resistance on the other from a comparison of the time courses of coronary sinus plasma [K + ] and coronary perfusion pressure. This is because the coronary sinus plasma [K + ] time course reflects not only changes in myocardial interstitial fluid [K + ] but also (1) the gradient and the delay associated with transport of potassium across the capillary endothelium and (2) the delay and dispersion introduced by vascular transit of blood from the capillary to the site where coronary sinus blood samples were collected for subsequent analysis of plasma [K + ]. For the purpose of considering the relative speed of potassium and vascular transients, we have ignored the effects of capillary wall transport. We did correct for the vascular transit effects, as has been previously described in detail (Belloni and Sparks, 1977) . Briefly, we estimated the delaying and dispersive effects of vascular transit through capillaries and veins from the distribution of intravascular transit times obtained for each preparation. We used indigo carmine dye as our intravascular marker. Its concentration in coronary sinus blood was measured continuously with our cuvette oximeter. We assumed that 91.1% of the transcoronary transit of dye occurred in capillaries and veins. This figure is based on previous measurements of precapillary and transcoronary transit time distributions (Belloni and Sparks, 1977) . The estimated effects of capillary and venous vascular transit were imposed onto the time course of coronary vascular resistance by use of the convolution integral:
where h(t) is the function describing the distribution of intravascular transit times through capillaries and veins (i.e., the impulse response of this system), CVR(t) is the time course of coronary vascular resistance (i.e., coronary perfusion pressure divided by the constant flow rate), and T is the dummy variable of integration. The result of this convolution, CVR*(t), then, included the effects of vascular transit as well as the basic time course of changes in coronary vascular resistance. It is with this function that we compared the time course of coronary sinus plasma [K + ], which inherently included the effects of vascular transit as well as the basic time course of changes in K + release (or uptake) by the heart. Since K + release or uptake should follow changes in interstitial [K + ], we may draw conclusions about the relative time courses of vascular resistance and interstitial [K + ] from this comparison of CVR*(t) with coronary sinus plasma
This approach dictated our use of constant flow perfusion in these studies. To use the convolution integral as we have, the intravascular transit function, h(t), must be time-invariant. Since the absolute level of blood flow through the vascular bed is a major determinant of intravascular transit times, changes in flow during the experimental intervention would violate our assumption of stationarity. Hence, we used a constant flow protocol.
Estimation of Interstitial [IC]
We wished to decide whether changes in interstitial [K + ] were of sufficient magnitude to explain some or all of the vasodilation seen with changes in heart rate. To this end we constructed a mathematical model of the myocardium, which included representation of vascular transit effects and exchange of K + across the capillary wall. Details of this model are presented in the Appendix to this article. We assumed reasonable values for capillary permeability-surface area product (PSc P ) (Ziegler and Goresky, 1971; Tancredi et aL, 1975) and other parameters and an arbitrary interstitial [K + ] time course as a forcing function to drive the model. Then we determined the interstitial [K + ] time course which resulted in a simulated coronary sinus plasma [K + ] time course that closely fit the coronary sinus plasma [K + ] time course observed in each of the experiments reported herein. We determined the peak or plateau interstitial [K + ] for each of these close-fit simulations.
In a previous study, we had observed the effect of a bolus injection of 40 junol of potassium chloride on coronary vascular resistance (Murray and Sparks, 1978) . To calculate the change in interstitial [K + ] caused by this injection, we modified our model by adding a cellular compartment which acted as an infinite sink for K + . Assuming a reasonable value for the permeability-surface area product of myocardial cell membranes (PScm) (Ziegler and Goresky, 1971; Tancredi et aL, 1975) , we simulated the injection of 40 junol K + and observed the peak change in interstitial [K + ] in our model. This was compared to the previously estimated changes in interstitial [K + ] that accompanied heart rate steps.
Statistical Analyses
All statistical tests performed on the time course parameters (defined above) used Student's t distribution for paired samples (Dixon and Massay, 1969) . Statistical analyses were performed on an Amdahl 470V/6 computer and the Michigan Interactive Data Analysis System (MIDAS). Group means ± one standard error of the mean are presented throughout the text. Model simulations were performed with the Amdahl 470V/6 computer and the Continuous System Modeling Program (IBM Program 360A-CS-16X).
Results
Increases in Heart Rate
A typical record of the responses to a step increase in heart rate is shown in Figure 1 . In general, when heart rate was increased, systemic blood pressure did not change. Coronary vascular resistance gradually fell to a new steady state level. Coronary sinus oxygen content remained unchanged for several seconds after the heart rate increase (reflecting the delay introduced by vascular transit) and then gradually fell to a new steady state value. This reflects an increased myocardial oxygen consumption. Coronary sinus plasma [K + ] also remained unchanged for several seconds following the heart rate increase and then gradually increased to a peak value or a temporary plateau value before returning to about the control level during the period of increased heart rate. In three of the nine preparations the coronary sinus plasma [K + ] remained elevated throughout the period of increased heart rate. The average increase in heart rate was 75 ± 6 beats/min. This resulted in a decrease of 0.51 ± 0.12 PRUioo in coronary vascular resistance, an 0 IMCTEASt/ hCAffT' HATE 3 0 6 0 TIME 9 0 tSKOOdiJ FIGURE 1 A typical record of the responses of coronary sinus oxygen content, coronary vascular resistance, and coronary sinus plasma fK*] to a step increase (60 beats/ min) in heart rate. Coronary blood flow was held constant at 89.5 ml/min per 100 g. VOL. 44, No. 6, JUNE 1979 increase of 2.19 ± 0.36 ml/min per 100 g in myocardial oxygen consumption, and an increase of 0.53 ± 0.07 mEq/liter in coronary sinus plasma [K + ]. Coronary blood flow averaged 86.1 ± 3.8 ml/min per 100 g (see Table 1 ). The average time courses of changes in coronary sinus [K + ] following step increases in heart rate are shown in Figure 2 for two groups of experiments. The ordinate of this graph reflects our normalized scale in which 0 is the baseline value and 100 the peak or plateau value. Coronary sinus [K + ] rose following a step increase in heart rate in all nine dogs studied. In three dogs this rise was sustained throughout the period of increased heart rate. In the remaining six dogs coronary sinus [K + ] returned toward its prestimulation level while the increased heart rate was maintained. It is apparent in Figure  2 that the time course of the initial rise in coronary sinus [K + ] is very similar for these two groups of dogs. Therefore, for the purpose of comparing potassium and vascular dynamics following heart rate steps, no distinction was made between the dogs whose coronary sinus [K + ] plateaued and those in which it returned towards baseline during the period of increased heart rate. Figure 2 also shows the average time course of the transit-adjusted coronary vascular resistance (CVR*) seen in response to step increases in heart rate. It is apparent in Figure 2 that the rise in coronary sinus [K + ] preceded the vasodilation fol- lowing a step increase in heart rate. In Table 2 we have summarized the parameters that characterize the time courses of these responses. The tio and Uo for coronary sinus [K + ] are significantly lower (i.e., faster) than the corresponding parameters that characterize the CVR* time course. The tio, t«>, and tgo for coronary sinus oxygen content are significantly lower (i.e., faster) than the corresponding parameters for CVR*. Moreover, the decrease in coronary sinus oxygen content produced by the increased heart rate is sustained throughout the period of elevated heart rate (Table 3) .
Fifteen-Second Cessations of Coronary Blood Flow
A typical record showing the responses of coronary sinus oxygen content, coronary vascular resistance, and coronary sinus plasma [K + ] to a 15second cessation of flow (ischemia) is shown in Figure 3 . At -15 seconds, as indicated on the abscissa, the pump delivering blood to the left common coronary artery was stopped. Coronary perfusion pressure fell immediately and rapidly (less than 10 seconds) to a very low value and remained at this level throughout the period of ischemia. After 15 seconds of ischemia (i.e., at time 0 on the abscissa of Figure 3 ) pump flow was reinstituted at the constant, baseline rate. The flow value for perfusion pressure after the recommencement of flow indicates that a considerable vasodilation had occurred during the period of ischemia. Perfusion pressure rose quickly following reinstitution of flow to about one-third of its preischemia level as the vascular bed was refilled with blood. Perfusion pressure then gradually returned toward its control leveL It is this second phase, reflecting the gradual return of coronary vascular resistance to its control level following the reinstitution of flow, that is of primary interest in this study. Coronary sinus oxygen content remained unchanged for several seconds following the onset of ischemia and then gradually decreased to a minimum value before returning to its control level. This decrease in coronary sinus oxygen content no doubt reflects increased extraction of oxygen from the blood within the myocardial vessels during and perhaps after the ischemic period. Coronary sinus plasma [K + ] also remained unchanged for several seconds until, some time after recommencement of flow, it began a gradual increase to a peak value before returning toward its control level. Heart rate was constant throughout this entire time. Sometimes electrical pacing was used to attain this constancy. Table 4 contains the minimum postischemic coronary vascular resistance, the peak postischemic coronary sinus plasma [K + ], and preischemic, baseline values of these variables for the six experiments in which the 15-second ischemic challenge was given. Vascular resistance fell by 1.25 ± 0.22 PRUioo-Coronary sinus plasma [K + ] increased in each of the six dogs studied by an average of 0.55 ± 0.09 mEq/liter. The average time course of CVR* to 15 seconds of ischemia is also shown in Figure 4 . Here the ordinate value 0 indicates the minimum resistance at the beginning of the postdschemia recovery period, and 100 indicates the steady state recovery vascular resistance. Consider now the return of both [K + ] and CVR* to their respective baselines values, VOL. 44, No. 6, JUNE 1979 slower, not different, and significantly faster, respectively, than the corresponding parameters that characterized the CVR* time courses.
Calculation of the Magnitude of Changes in Interstitial [K + ]
The assessment of whether interstitial [K + ] changes were of adequate magnitude to explain the observed vasodilation required two calculations. First, we calculated how much interstitial [K + ] changes following an intracoronary injection of KCl. In a previous study, intracircumflex artery injection of 40 /unol of KCl caused a 34-48% fall in coronary vascular resistance (Murray and Sparks, 1978) . Using the model described in the Appendix to this article, we calculated that interstitial [K + ] would have been increased by 1.1-2.2 mEq/liter by this injection. This range exists because of uncertainty about the values of three parameters. As seen in Figure 5 , the size of the interstitial space and the PS can each explain about half of this range when they are varied within their physiological limits (Ziegler and Goresky, 1971; Tancredi et al., 1975) . Variation of myocardial cell membrane PS within its physiological limits (Ziegler and Goresky, 1971; Tancredi et al., 1975) has less effect on the interstitial [K + ] attained.
The second step in our assessment of interstitial [K + ] was to calculate the [K + ] reached during heart rate steps. Using the model described in the Appendix, we calculated that interstitial [K + ] rose by 0.3-1.4 mEq/liter. This range is due primarily to variability in potassium efflux from dog and secondarily to uncertainty about the true value of capillary PS (Fig. 5) . Thus the interstitial [K + ] increments during heart rate steps seem to be less than those caused by potassium injection. Assuming an intermediate PScp of 0.8 ml/min per g, the average interstitial [K + ] increment caused by heart rate steps in 0.68 mEq/liter. This is 30-60% of the increment calculated to occur with injections. The coronary vascular resistance fell by 36% (range: 10-65%) with the heart rate steps, which fall is of similar magnitude to the vasodilation observed with potassium injections (Murray and Sparks, 1978) .
Discussion
We have attempted in this study to evaluate one possible mechanism for the local regulation of the coronary circulation. The criteria we have used to evaluate this hypothesis, that potassium ion is a coronary vasoregulatory agent, are enumerated and discussed below. The major problem we had to face in this study was our inability to measure directly one variable of interest, i.e., the concentration of potassium ion to which the arteriolar vascular smooth muscle is exposed. In the absence of standing gradients in the interstitial space, it would be fair to call this variable of interest the interstitial [K + ]. Our approach, then, was to measure what we could, in this case coronary sinus plasma [K + ], and to make certain assumptions about and ancillary measurements of the processes relating interstitial [K + ] to coronary sinus plasma [K + ]. We then used explicit mathematical models of these intermediary processes so that we could use our indirectly observed variable (coronary sinus plasma [K + ]) to learn something about the variable of direct interest (interstitial [K + ]) and its relation to coronary vascular resistance.
The processes that influence the relationship of interstitial [K + ] to coronary sinus plasma [K + ] are (1) movement of potassium across the myocardial capillary wall, (2) vascular transit of plasma containing potassium from the myocardial capillaries to the coronary sinus, and (3) uptake of plasma potassium into red blood cells. This third process has been found to be very slow in dog blood (Frazier et al., 1954) , and we have assumed it to be of negligible importance in our experiments.
The effect of the transcapillary exchange is to blunt and slightly slow the changes in end-capillary plasma [K + ] following a change in interstitial [K + ]. The effect of vascular transit is to slow considerably the changes in coronary sinus plasma [K + ] after a change in end-capillary plasma [K + ]. Vascular transit also blunts the appearance of brief peaks of end-capillary [K + ] in coronary sinus [K + ], but sustained changes in end-capillary [K + ] are fully reflected in coronary sinus [K + ]. We asked two basic questions in this study, which are discussed below. Briefly, we asked whether interstitial [K + ] changes were (1) fast enough and (2) big enough to account for the vascular changes seen in two situations. To answer the first question, a time course question, we modeled only the vascular transit process, since the capillary exchange process has only relatively slight slowing effects. To answer the magnitude question, we modeled both of these processes, since both could affect the magnitude of coronary sinus plasma [K + ] changes.
Our model of coronary vascular transit and our algorithm for correction of vascular transit effects have been discussed in detail previously (Belloni and Sparks, 1977) . Briefly, the distribution of transcoronary vascular transit times was measured with an intravascular tracer. Postarteriolar vascular transit effects were calculated from the tracer data by ascribing 91.1% of its transit to postarteriolar vessels (Sparks and Belloni, 1977) . These postarter- VOL. 44, No. 6, JUNE 1979 iolar vascular transit effects were then appended to the coronary vascular resistance time course via the convolution integral. The resulting CVR* reflects (1) the time course of resistance changes and (2) the effects of vascular transit. The coronary sinus plasma [K + ] reflects (1) the time course of capillary [K + ] and (2) the effects of vascular transit. If the effects of vascular transit are equally represented in the time courses of CVR* and coronary sinus plasma [K + ], their temporal relation to each other reflects the temporal relation of unadjusted vascular resistance and capillary plasma [K + ]. The time course of interstitial [K + ] must be, if anything, faster than that of capillary [K + ]. Since we found that potassium changes preceded vascular changes after correction was made only for vascular transit, further correction for the slight slowing effects of transcapillary exchange was unnessary, as our conclusion would not have been affected.
The source of greatest potential error in this analysis is our assignment of 91.1% of the transcoronary vascular transit effects to postarteriolar vessels. Obviously, assignment of a larger fraction to adjust the resistance time course would only further slow the CVR* time course. But if the vascular transit effects of interest were substantially smaller than those we used in calculating CVR*, our conclusion might be in error. Our assignment figure, 91.1%, was obtained from the mean of several measurements in a previous study (Belloni and Sparks, 1977) . The 95% confidence interval for this parameter was approximately 80-100%. We calculate that our conclusion that potassium changes precede vascular changes still would have been reached if we had used only 80% of the total transit effects in the calculation of CVR*. It seems unlikely to us, therefore, that our estimates of capillary and venous transit effects would be so inaccurate as to obscure a temporal precedence of vascular changes over potassium changes.
Our use of the convolution integral assumes that the system is stationary; i.e., the transit effects do not change over time. As already noted, this requirement dictated the use of constant flow perfusion in our experiments. It is possible that changes in myocardial activity could result in changes in capillary density or vascular volume, for example, sufficient to alter the pattern of intravascular transit times. Smaller heart rate changes (20 beats/min) than those used in the present study were shown to have no effect on intravascular transit through the heart (Belloni and Sparks, 1977) . Similarly, increments of 35% in myocardial oxygen consumption induced by catecholamines were without significant effect on vascular transit in the heart (Smith et aL, 1978) . In the present study, oxygen consumption was increased by an average of 31% by raising heart rate. It seems probable, therefore, that statdonarity was achieved during the heart rate steps. It is less certain that our assumption of stationarity was met during and immediately after the 15-second ischemic challenges. The myocardial vascular volume must fall somewhat during the period of no flow and must rise again with reinstitution of perfusion. Exactly what effect this emptying and refilling had upon the intravascular transit pattern during the early postischemic period is a matter for speculation. The fast initial rise in perfusion pressure upon recommencement of flow seems likely to represent refilling of vascular spaces. This phase takes only a second or two, which agrees well with estimates of filling time based on vascular volumes and flow rates. It appears likely, then, that nonstationarity may exist only briefly, although its consequences may persist for some seconds, i.e., until a complete turnover of the intravascular volume has taken place.
The caveats concerning the vascular transit effects apply also to their inclusion in our estimation of the magnitude of interstitial [K + ] changes during heart rate steps. However, the critical element here is the magnitude of the capillary PS. The exchange of potassium across the capillary wall is diffusionally limited, but the correspondence between interstitial and end-capillary concentrations is rather close. As seen in Figure 5 , a doubling of capillary PS causes only relatively small changes in the calculated peak or plateau interstitial [K + ]. This is because the magnitude of interstitial [K + ] and coronary sinus plasma [K + ] are fairly close even in the low PScp range. Other parameters in our model, such as the estimate of capillary plasma space, cause only slight changes in the behavior of the model when their values are varied. This is due to the predominance of the high PSc P values in determining the overall behavior of the model. Our values for PScap span the range measured by two different groups (Ziegler and Goresky, 1971; Tancredi et al., 1975) . It has also been found that myocardial capillary PS for sodium varies less than 2-fold with large variations in myocardial oxygen consumption (Duran et aL, 1977) .
The hypothesis that potassium ion is involved in the control of coronary vascular resistance holds that, in association with an increase in myocardial metabolic activity or a decrease in oxygen supply to the heart, there is an increase in the [K + ] of the interstitial space. The elevated interstitial [K + ] in turn causes relaxation of the coronary arteriolar vascular smooth muscle. If potassium is a component of the myocardial vasoregulatory system, the following criteria must be met: (1) Potassium must be a coronary vasodilator.
(2) The [K + ] in the environment of the arteriolar vascular smooth muscle must increase at least as fast as the associated decreases in coronary vascular resistance. (3) The interstitial [K + ] changes must be of sufficient magnitude to account for at least some portion of the associated vascular response. That is, the dose-response relationship between interstitial [K + ] and vascular resistance must be known, and the interstitial [K + ] changes must fall into the appropriate range.
Potassium has been shown to be a dilator of coronary vessels. The data presented in this study indicate that, in at least two situations, interstitial [K + ] transients are fast enough so that a vasoregulatory role for potassium is possible. Following step increases in heart rate, the rise in coronary sinus plasma [K + ] preceded the coronary vasodilation once the latter time course was adjusted to include the effects of vascular transit. This observation leads us to conclude that interstitial [K + ] rose more quickly than the vascular resistance fell. In the second situation studied, the return-to-control time courses of coronary sinus plasma [K + ] and CVR* crossed each other. The CVR* time course preceded the [K + ] time course for roughly the first half of the return of both variables, and the situation was reversed for the second half of the return. We conclude from this that interstitial [K + ] may be playing a partial role in determining the time course and magnitude of postischemic vasodilation, although the participation of other mechanisms is also suggested. Thus the present data appear to satisfy the time course criterion. The calculations made to assess whether interstitial [K + ] changes were of sufficient magnitude to explain the vasodilation seen following heart rate steps are explained in the Results and the Appendix. From our calculation we can say that potassium injections which caused a 34-48% fall in coronary vascular resistance (Murray and Sparks, 1978) probably caused a 1.1-2.2 mEq/liter increment in interstitial [K + ]. During the increased heart rate periods of the present study, coronary resistance fell by 36% on the average. We calculated that interstitial [K + ] must have risen by 0.3-1.4 mEq/ liter to a peak or a plateau. If we assume an intermediate PScap of 0.8 ml/min per g, the average rise would have been 0.68 mEq/liter. We conclude that interstitial [K + ] may rise enough during heart rate steps to account for a considerable fraction of the coronary vasodilation seen (very roughly about onehalf) . It does not appear that potassium can account for all of the coronary vasodilation seen with these heart rate steps, although better information on the dose dependency relationship between [K + ] and coronary vascular resistance is needed before a final conclusion is possible.
We did not make detailed calculations of interstitial [K + ] during 15 seconds of ischemia. From inspection of Table 4 , it can be seen that coronary sinus plasma [K + ] changes were very similar to those seen with heart rate steps (mean change •= +0.55 mEq/liter). The vasodilation seen with the 15-second ischemic challenges was greater than that seen with heart rate steps, with resistance falling an average of 80%. It seems as if potassium must play only a relatively minor role in causing the ischemic vasodilation seen in these experiments. It may play a more important role during the later stages of the postischemic vasodilation.
Our criteria for assessment of the potassium hypothesis for coronary vasoregulation all have been partially met. Potassium is a coronary vasodilator. Following step increases in heart rate, interstitial [K + ] changes appear to precede vasodilation and also appear to be of sufficient magnitude to explain roughly one-half of the resistance fall. After a 15second period of ischemia, there appears to be considerably more coronary vasodilation than can be accounted for solely by potassium. During the later stages of the postischemic vasodilation, however, interstitial [K + ] recovery appears to precede the recovery of coronary vascular tone. This suggests that interstitial potassium may be an important determinant of coronary vascular resistance at this stage of postischemic vasodilation.
This collection of evidence strongly suggests that potassium ion participates in the local regulation of the coronary circulation. This in no way rules out the participation of other mechanisms. In fact, other mechanisms are needed to explain several aspects of the present results, namely: (1) the sustained vasodilation following heart rate steps seen in the absence of a sustained increment in coronary sinus [K + ] and, presumably, interstitial [K + ] (Fig.  2); (2) the vasodilation seen with heart rate steps and 15 seconds of ischemia, which cannot be explained by increments in interstitial [K + ]; and (3) the early phase of the recovery from ischemic vasodilation which precedes interstitial [K + ] recovery (Fig. 4) .
The transient nature of the interstitial [K + ] rise with increased heart rate suggests that potassium participates in the initiation of the coronary vasodilation seen in this situation but is not responsible for the maintained, steady state vasodilation. This type of role for potassium is also suggested by the transient nature of its action on isolated vessels (Gellai and Detar, 1974) or on resting, in situ coronary vascular resistance (McKeever et al., 1960) .
In three experiments, however, potassium efflux was maintained for the 2.5 minutes of increased heart rate. These three dogs had a significantly lower coronary sinus oxygen content during the elevated heart rate than did the six dogs in which the potassium release was only transient (1.69 ± 0.63 vs. 3.66 ± 0.76 vol%, P < 0.05). It may be that the combination of increased metabolic activity and inadequate oxygen supply is the cause of a sustained increase in interstitial [K + ] Parker et al., 1970) . A more prolonged participation of potassium in coronary vasoregulation cannot be ruled out for this situation. Even this prolonged increase in interstitial [K + ] can explain no more than about half of the vasodilation seen. We need, therefore, at least one other vasoregulatory mechanism to account for all or part of the sustained vasodilation seen with increased heart rate.
Several other proposed vasoregulatory mechanisms have received attention . One class of mechanism, those closely linked to oxidative metabolism (e.g., mechanisms involving oxygen or adenosine), has been examined for VOL. 44, No. 6, JUNE 1979 possible transient involvement in coronary vasoregulation. Small steps in heart rate (20 beats/min) were found to be followed by changes in myocardial oxygen uptake which preceded vascular changes (Belloni and Sparks, 1977) . This finding has been extended to the larger heart rate steps used in the present study (Table 3 ). It appears, then, that there may be two (or more) mechanisms that initiate the coronary vascular response to increased metabolic activity, one being a rise in interstitial [K + ] and the other more tightly linked to oxidative metabolism. These mechanisms may act in simple concert with their effects being summed. Alternatively, there may be a true redundancy of action in which one mechanism fully compensates for the induced or pathological absence of the other. This problem remains to be resolved. If there is no redundancy, one might predict that the speed but not the steady state magnitude of the coronary vascular changes during increased metabolic activity or postischemic vasodilation would be affected by aberrations of potassium transport or metabolism.
Appendix
Model of Myocardial K + Efflux during Step Change in Heart Rate
We constructed a compartmental model of the myocardium as shown in Figure 6 . We represented the capillary bed of the heart by three compartments in series, each capable of exchanging material with the single compartment used to represent the interstitial space. The remainder of the vascular space was represented by a single arterial and a single venous compartment placed in series with the capillary compartments. The venous compartment also represents the plasma space of the coronary sinus catheter. Since coronary blood flow per gram of myocardium was measured in each experiment, the value of this parameter in our model was fixed for the simulation of that experiment. In order that our model behave like the corresponding experimental preparation with respect to intravascular transit time distribution, we adjusted the volumes of the vascular compartments. Myers and Honig (1964) found a myocardial blood content of about 0.06 mg/g for the dog. We assigned 40% of this space (i.e., 0.024 ml/g) to the capillary compartments and 5% (0.003 ml/g) to the arterial compartment. The behavior of this model was found to be rather insensitive to the value of these parameters. The remaining vascular space plus catheter space was assigned to the venous compartment and was varied to obtain a good fit of model behavior to the experimentally obtained dye curves. Since the intravascular marker used, indigo carmine dye, binds to plasma proteins, it is assumed to be confined to the plasma space. Plasma spaces were obtained by multiplying each of the blood spaces by (1 -HT), where HT was the hematocrit of blood within the tissue. Because of the differential linear velocity of red cells and plasma in small vessels, the tissue hematocrit was taken to equal one-half the large-vessel hematocrit (Gibson et al., 1948) . We also introduced an adjustable delay to mimic the 10-16 seconds that passed in our experiments before any dye appeared in the coronary sinus plasma. An example of how closely we could simulate the experimentally observed intravascular transit time distribution is shown in Figure 7A . We minimized the sum of squared differences between simulated and observed curves until this sum changed by less than 5% with a 5% or greater change in the parameter being estimated, or until the sum fell below 0.002, which indicated an average absolute deviation between simulated and observed curves of less than 0.0004/sec per point. The next step was to simulate the observed time course of coronary sinus plasma [K + ]. We used the vascular volume parameters found to simulate best the intravascular transit curves for each preparation. We set capillary permeability-surface area product (PScp) equal to 0.6, 0.8, or 1.2 ml/min per g. These values span the range of values for PScap found for dog heart by Trancredi et al. (1975) and Ziegler and Goresky (1971) . For each PScp, we chose a time course for interstitial [K + ]. We used a series of ramp functions which allowed us to simulate linear rises and falls as well as plateaus as needed to match our simulated coronary sinus plasma [K + ] time course with the observed time course. An example of such a match is shown in Figure 7B . We minimized the sum of squared differences between simulated and observed curves until this sum changed less than 5% or fell below 0.15, which indicated an average deviation of less than 0.01 mEq/liter per point. In general, as might be expected, the value of PSc P did not affect the general shape of the interstitial [K + ] function needed to obtain a close fit to the data. Rather, only the magnitude of the interstitial [K + ] changes was altered to obtain good fits at different PSc P values. For each PSc«p for each preparation, the peak interstitial [K + ] was obtained. In the case of the three preparations in which coronary sinus plasma [K + ] levels remained elevated for the duration of the increased heart rate period (see Results), the plateau level of interstitial [K + ] was obtained. These values are shown in Figure 5 .
Model of Interstitial [K + ] during KC1 Injection
In a previously reported study, we injected 40 jtmol of potassium chloride into the coronary arteries of several dogs and observed a considerable transient coronary vasodilation (Murray and Sparks, 1978) . We wanted to estimate how great a change in interstitial [K + ] would occur with such an injection. For this purpose, we kept arterial and capillary vascular volumes equal to those in our previous model stages. Venous and catheter spaces and pure transit delay were unimportant parameters at this stage. Blood flow was set equal to 0.86 ml/min per g, which was the average flow rate for the heart rate step dogs. Capillary PS was set equal to either 0.6 or 1.2 ml/min per g. A new compartment and parameter were introduced to represent the uptake of K + into myocardial cells. Although these are shown in Figure 6 , they have not been included in previous stages of our modeling. The new parameter, PScm, is the permeability-surface area product for myocardial cell membranes. We assigned it the values of 0.5, 0.8, or 1.1 ml/min per g; these values span the range measured by Tancredi et al. (1975) and Ziegler and Goresky (1971) .
We assumed an interstitial volume of 0.2 or 0.3 ml/ g (Page, 1962) . Finally, we assumed a tissue weight of 60 g as the portion of myocardium supplied by the circumflex artery into which the 40 jtmol of K + was injected. We forced our model with a 1-second injection of 40/^mol K + and observed the peak interstitial [K + ], which occurred about 4 seconds after the simulated injection. This model behaved such that 38-59% of the injected K + is taken up by the intracellular compartment, which acts as an infinite sink here. This agrees well with the observations of Ziegler and Goresky (1971) for dog heart.
